The Nrf1 transcription factor belongs to the CNC subfamily of basic leucine zipper proteins. Knockout of Nrf1 is lethal in mouse embryos, but nothing is known about the cell types that absolutely require its function during development. We show by chimera analysis that Nrf1 is essential for the hepatocyte lineage. Mouse embryonic stem cells lacking Nrf1 developed normally and contributed to most tissues in adult chimeras where Nrf1 is normally expressed. Nrf1-deficient cells contributed to fetal, but not adult, liver cells. Loss of Nrf1 function resulted in liver cell apoptosis in late-gestation chimeric fetuses. Fetal livers from mutant embryos exhibited increased oxidative stress and impaired expression of antioxidant genes, and primary cultures of nrf1 ؊/؊ fetal hepatocytes were sensitive to tert-butyl hydroperoxide-induced cell death, suggesting that impaired antioxidant defense may be responsible for the apoptosis observed in the livers of chimeric mice. In addition, cells deficient in Nrf1 were sensitized to the cytotoxic effects of tumor necrosis factor (TNF). Our results provide in vivo evidence demonstrating an essential role of Nrf1 in the survival of hepatocytes during development. Our results also suggest that Nrf1 may promote cell survival by maintaining redox balance and protecting embryonic hepatocytes from TNF-mediated apoptosis during development.
Nrf1 is a basic leucine zipper protein (bZIP) in the Cap'n'Collar (CNC) transcription factor family characterized by the presence of a 45-amino-acid homology region referred to as the CNC domain (9) . The primary structures of members of the CNC-bZIP subfamily are also well conserved in the basic DNA-binding and protein dimerization domains, and at this time in mice this family includes p45NFE2, Nrf1, Nrf2, Nrf3, Bach1, and Bach2 (3, 8, 9, 35, 50, 51) . Some are expressed in a tissue-specific manner. For example, the expression of p45NFE2 is restricted to hematopoietic cells (3) , and Bach2 is expressed in the brain and B-cell compartment (51) . In contrast, Nrf1, Nrf2, and Nrf3 are expressed in a wide variety of cell lines and mouse tissues, and Bach1 transcripts are found in various tissues and expressed at high levels in the spleen and intestine (9, 35, 43, 51) . CNC-bZIP factors control transcription from an extended AP-1-like site [TGCTGA(G/C)TCA (T/C)] called the NFE2 site and form heterodimers with other bZIP proteins (30, 33, 36) . One class of bZIP proteins that dimerizes with CNC-bZIP factors is the small Maf proteins (7, 44) .
Gene targeting experiments in embryonic stem (ES) cells to generate knockout mice have been performed to determine the biological requirements for CNC-bZIP proteins. Knockout mice revealed an important role for p45NFE2 in platelet production (60) . Nrf2 knockout mice were found to be viable (11) .
While Nrf2 is dispensable for development, it is important in regulating antioxidant gene expression and expression of xenobiotic-metabolizing enzymes in multiple tissues (31, 32) . In contrast, the biological function of Nrf1 is less well understood. While Nrf1 has been shown to play a role in the oxidative stress response pathway in fibroblasts, the importance of Nrf1 in this function in vivo compared to Nrf2 is not known (37) . In our previous gene knockout study, we found that Nrf1 is required for development (10) . Death at midgestation in nrf1 Ϫ/Ϫ embryos is thought to be the result of anemia due to a presumed developmental arrest in fetal liver erythropoiesis. Because nrf1 Ϫ/Ϫ erythropoietic cells grew normally in vitro and nrf1 Ϫ/Ϫ ES cells contributed efficiently to erythroid cells of chimeric mice, it was suggested that the liver microenvironment in mutants failed to sustain erythropoiesis. Nrf1 is broadly expressed during development, but with the exception of anemia, discernible defects in other tissues were not readily apparent in mutants. Therefore, it was difficult to establish whether other tissue compartments were also affected by the loss of Nrf1 function in development. Moreover, the embryonic lethality precludes further analysis of the potential role of Nrf1 in fetal liver function and development.
To gain more insight into the function of Nrf1, we utilized nrf1 Ϫ/Ϫ ES cells in an analysis of chimeric mice to determine in which cell type is Nrf1 important during development. We describe here rescue of embryonic lethality in chimeric mice generated with ES cells bearing two inactive nrf1 alleles. Characterization of these chimeric mice indicated that ES cells deficient in Nrf1 contributed to most tissues in adult animals, including the lung, kidney, muscle, and heart where Nrf1 is normally expressed at high levels. However, deficiency in Nrf1 is associated with impaired contribution of ES cells to adult, but not fetal, hepatocytes. While Nrf1 function is not required for normal fetal liver ontogeny, liver cells in chimeric embryos undergo apoptosis late in gestation. Our results also indicate that oxidative stress and impaired antioxidant gene expression in the fetal liver correlated with loss of Nrf1 function. Primary mutant fetal hepatocytes in cultures demonstrated increased sensitivity to tert-butyl hydroperoxide (tBHP) and died, indicating that the loss of Nrf1 sensitizes hepatocytes to oxidative stress. Mouse embryonic fibroblasts isolated from nrf1 Ϫ/Ϫ embryos were very sensitive to tumor necrosis factor (TNF) cytotoxicity, suggesting that Nrf1 may be required to protect fetal liver cells from endogenous TNF-induced apoptosis. Together, these findings suggest that Nrf1 plays an important role in maintaining redox balance in the fetal liver cells and indicate a cell-specific and developmental stage-specific function of Nrf1 in protecting liver cells from apoptosis during development.
MATERIALS AND METHODS

Gene targeting in ES cells and generation of ES chimeras.
nrf-1 genomic clones were isolated from a 129/Sv mouse library described previously (10) . A 10.6-kb EcoRI genomic DNA subfragment was used to generate the targeting vector. The 2.2-kb BamHI/EcoRI fragment containing the terminal exon of nrf1 was deleted and replaced with the internal ribosome entry site (IRES)-␤Geo cassette that permits translation of two open reading frames from the same transcript (45) . Therefore, the targeted allele directs the expression of ␤-galactosidase from the same transcript and allows identification of cells that express Nrf1. The phosphoglycerate kinase (PGK)-thymidine kinase (TK) gene cassette was inserted into the EcoRI/HindIII site 5Ј to the nrf1 gene. The resulting vector has a 3.6-kb right arm and a 4.4-kb left arm flanking the ␤Geo cassette.
JM-1 ES cells were cultured on mitomycin C-treated primary mouse embryonic fibroblast feeders on gelatinized culture plates in Dulbecco modified Eagle medium (DMEM) culture medium supplemented with 15% fetal bovine serum (FBS) (HyClone), 0.3 mg of glutamine per ml, 0.1 mM nonessential amino acids, 0.055 mM ␤-mercaptoethanol, and 1,000 U of leukemia inhibitory factor (GIBCO-BRL). For transfection, 5 ϫ 10 6 ES cells suspended in phosphatebuffered saline (PBS) was electroporated at 0.25 kV and 500 F with 30 g of NotI-linearized DNA. After electroporation, cells were chilled on ice for 20 min before they were plated on three gelatinized 100-mm-diameter culture dishes. After 48 h, cells were grown in selection medium containing G418 (200 g/ml) and ganciclovir (2 M). The medium was changed every 24 h until colony isolation at 1 week. Individual clones were picked and expanded in 96-well plates. Expanded clones were screened by Southern blotting of NsiI-digested DNA using a 5Ј nrf1 external probe. The wild-type allele yields a 14-kb fragment, and the targeted allele yields a 16-kb band. Approximately 10 positive clones were identified from 100 clones screened. Chimeras were generated by injection of positive ES clones into blastocysts from C57BL/6J mice, which were then transferred into pseudopregnant C57BL/6J recipients, or by an aggregation method using eight-cell-stage embryos from CD-1 mice (65) . ES cells aggregated with eight-cell-stage embryos were cultured overnight and then transferred into pseudopregnant B6D2 females. GPI analysis. Tissues were subjected to three cycles of freezing and thawing in sample buffer containing 50 mM Tris-HCl (pH 8) and 0.1% Triton X-100 to lyse the cells completely. Supernatants were cleared by centrifugation and electrophoresed on cellulose acetate membranes in 100 mM Tris-750 mM glycine (pH 8.5) running buffer for 45 min at 150 V. Glucose phosphate isomerase (GPI) activity was detected by overlaying the membrane with 10 ml of 0.4% agarose containing 80 mM Tris (pH 8.0), 5 mM magnesium acetate, 20 mg of fructose-6-phosphate, 0.25 mg of phenazine methosulfate, 2 mg of methylthiazolium tetrazolium, 2 mg of nicotinamide dinucleotide phosphate, and 1.4 U of glucose-6-phosphate. Incubation at room temperature was performed in the dark prior to detection of GPI isoenzyme bands. Band intensities were quantitated using an Alpha Innotech Gel Documentation system and software (San Leandro, Calif.).
Histology and staining for lacZ gene activity. Tissue samples were fixed in 4% paraformaldehyde in 1ϫ PBS for 60 min and then washed several times in rinse buffer (0.1 M NaP i [pH 7.4], 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% NP-40). Samples were then stained in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) buffer {5 mM potassium ferrocyanide [K 4 Fe(CN) 6 ], 5 mM potassium ferricyanide [K 3 Fe(CN) 6 ], 1 mg of X-Gal per ml} for 24 h in an incubator set at 30°C. Stained samples were rinsed in 10% formalin and stored in 1ϫ PBS prior to embedding and sectioning.
Quantitative reverse transcription-PCR (RT-PCR). Total RNA was extracted using TRIZOL (Life Technologies) according to the manufacturer's instructions from individual or pooled fetal livers, and erythroid progenitors were generated as previously described (10) using embryonic day 13.5 (E13.5) fetal livers cultured for 3 days in methylcellulose containing interleukin-6, interleukin-3, stem cell factor, and erythropoietin. Contaminating DNA was removed from RNA samples by RQ1 DNase (Promega) digestion according to the manufacturer's instructions and by extraction using nonbuffered phenol. cDNAs were synthesized from 1 to 2 g of total RNA in 100-l reaction mixtures containing 1ϫ reverse transcription buffer, 7.5 mM MgCl 2 , 1 mM deoxynucleoside triphosphates (dNTPs), 5 M random hexamer, 40 U of RNase inhibitor, 250 U of Moloney murine leukemia virus reverse transcriptase. Reverse transcription reaction mixtures were incubated at 72°C for 5 min, 25°C for 10 min, and 45°C for 60 min, and aliquots of the reaction products were used in PCRs. Expression of transcripts encoding gamma-glutamylcysteine synthetase catalytic subunit (Gclc) and regulatory subunit (Gclm) was analyzed using the 5Ј nuclease assay (realtime TaqMan RT-PCR) with the ABI PRISM 7700 instrument as described previously (20) . PCR was conducted in triplicate with 50-l reaction mixture volumes of 1ϫ PCR buffer A (ABI), 5. Relative expression levels were calculated as detailed previously (21) . Briefly, relative expression was calculated as follows: 2(Ct of the test gene Ϫ Ct of the GAPDH gene), where Ct is threshold cycle and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an endogenous control gene. For SYBR green-based real-time PCR, aliquots of cDNA were amplified in an iCycler (Bio-Rad) using Quantitect PCR reagents (Qiagen). The sequences of the PCR primers were as follows: for mouse metallothionein 1 (MT-1), 5Ј-AT GGACCCCAACTGCTCCT-3Ј for the forward primer and 5Ј-ACAGCCCTGG GCACATTT-3Јfor the reverse primer; for mouse MT-2, 5Ј-CCGATCTCTCGT CGATCTTCAACC-3Ј for the forward primer and 5Ј-CAGGAGCAGCAGCT TTTCTTGCAG-3Ј for the reverse primer; for mouse heme oxygenase 1, 5Ј-CA CGCCAGCCACACAGCACTA-3Ј for the forward primer and 5Ј-GGCTGTC GATGTTCGGGAAGG-3Ј for the reverse primer; for mouse Gpx1, 5Ј-TGCT CATTGAGAATGTCGCGTCTC-3Ј for the forward primer and 5Ј-AGGCATT CCGCAGGAAGGTAAAGA-3Ј for the reverse primer. Expression levels of various mRNAs relative to GAPDH levels were calculated as 2(Ct of the test gene Ϫ Ct of the GAPDH gene).
Isolation of embryonic fibroblasts and hepatocytes and culture. Isolation and culture of fibroblasts from embryos were described previously (37) . Livers were dissected from E13 and E14 embryos and minced using a scalpel. The livers were then incubated briefly in liver perfusion medium containing EGTA (GIBCO-BRL) and dissociated further in liver digestion medium (GIBCO-BRL) or in 1ϫ PBS containing 0.0625% trypsin. Tissue clumps were dispersed by gentle pipetting and filtered through a 70-m-pore-size mesh (Falcon) to remove cell clumps. Cells were then collected, and their viability was assessed by trypan blue dye exclusion. Approximately 1 ϫ 10 5 to 3 ϫ 10 5 cells are recovered from each liver. The cells were then seeded in 60-mm-diameter collagen-coated dishes (Biocoat; Becton-Dickinson) in DMEM-F-12 supplemented with 20% heatinactivated fetal calf serum. After 8 h, cultures were washed extensively with 1ϫ PBS to remove nonadhering cells, and this process was repeated after overnight incubation to further remove leftover hematopoietic cells. The remaining adherent cells represent approximately half of the input cells.
To determine the cytotoxic effect of tumor necrosis factor-alpha (TNF-␣) (R&D Technologies), approximately 2 ϫ 10 5 mouse embryonic fibroblasts were plated in six-well dishes. Cells were treated with TNF alone or pretreated with 5 g of cycloheximide per ml for 30 min prior to addition of TNF. After 12 h, cell viability was determined by exclusion of trypan blue dye. The percentage of surviving cells was calculated by taking the number of trypan blue-excluding cells after treatment, dividing this number by the number of untreated cells, and multiplying by 100. Pretreatment with antioxidant was done by culturing cells in FIG. 1. Nrf1-deficient ES cells do not contribute to the livers of adult chimeric mice. The contributions of ES cells to tissues of nrf1 Ϫ/Ϫ and nrf1 ϩ/Ϫ adult chimeric mice were estimated by GPI isoenzyme assay. The percentages of the GPI-A isoform (C57BL/6 host blastocyst-specific isoform) in tissues of chimeric mice are shown. Each bar is the value for one mouse. Seven nrf1 Ϫ/Ϫ adult chimeric mice (a) and three nrf1 ϩ/Ϫ adult chimeric mice (b) were analyzed. 5 mM N-acetylcysteine (NAC) overnight prior to TNF induction. To determine the effects of oxidants on cell viability, hepatocytes were cultured with 0.25 mM tBHP for 8 h. Cell viability was determined by trypan blue dye exclusion, and apoptotic cells were visualized by fluorescent nuclear staining using 4Ј,6Ј-diamidino-2-phenylindole (DAPI).
Fluorescence measurement of ROS. Fetal livers were dissected from embryos and disaggregated with 0.25% trypsin in 1ϫ PBS to generate single-cell suspensions. Cells were either analyzed immediately or plated on collagen-coated dishes to remove nonadhering hematopoietic cells. To measure reactive oxygen species (ROS), cells were incubated with 10 M DCFHDA (2Ј,7Ј-dichlorodihydrofluorescein diacetate; Molecular Probes) for 15 to 30 min in 1ϫ PBS containing 2% fetal calf serum. Propidium iodide was added (1 g/ml) prior to analysis. The oxidative conversion of DCFHDA to its fluorescent product, dichlorodihydrofluorescein diacetate (DCF), was assessed in live cells by flow cytometry.
GSH and GSSG assays. An enzymatic method to measure glutathione (GSH) and glutathione disulfide (GSSG) was performed using a kit (Oxis International). Briefly, fetal livers were dissected from E13.5 embryos. Liver samples were weighed and homogenized in an ice-cold 5% metaphosphoric acid solution. For GSSG measurements, 1-methyl-2-vinyl-pyridium trifluoromethane sulfonate was added to scavenge intracellular GSH. Homogenates were then cleared by centrifugation at 4°C, and supernatants obtained were immediately used for assays according to the manufacturers' instructions. Detection of reaction products of DTNB [5,5Ј-dithiobis-(2-nitrobenzoic acid)] was monitored by a spectrophotometer with the wavelength set at 412 nm. Levels were calculated from standard curves of GSH and GSSG.
Caspase 3-like enzyme activity assay. Cells were washed with cold 1ϫ PBS and lysed in 500-l volume of lysis buffer (10 mM Tris [pH 7.5], 10 mM NaH 2 PO 4 / NaHPO 4 [pH 7.5], 130 mM NaCl, 1% Triton X-100, 10 mM NaPP i ). Caspase 3-like activity was measured by mixing 50 l of the lysate with 50 l of reaction buffer (20 mM HEPES [pH 7.5], 10% glycerol, 2 mM DTT) containing 5 g of Ac-DEVD-AMC (acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin; BIOMOL). After 1 to 2 h of incubation at 37°C, products were determined using a fluorescence plate reader with an excitation wavelength of 360 nm and an emission wavelength of 460 nm for AMC substrates.
RESULTS
Nrf1-deficient ES cells do not contribute to adult hepatocytes in chimeric mice. ES cells bearing mutations in both nrf1
alleles were generated as described previously by a two-step targeting approach (10). ES cells were injected into C57BL/6 blastocysts and transferred to pseudopregnant wild-type females. Several independently derived nrf1 homozygous mutant ES cells were used. Animals with a wide range of chimerism, as estimated from the extent of agouti coat color, were obtained. Chimeric mice were sacrificed and dissected at 8 to 16 weeks of age. The extent of contribution by ES cell clones to the formation of the different organs was determined by GPI isoenzyme analysis (29) . ES cells express the GPI-A isoform, whereas C57BL/6 host embryos express the GPI-B isoform. A semiquantitative measure of chimerism in the various tissues was determined by cellulose acetate electrophoresis and staining of the two different isoenzymes. Analyses of multiple chimeric animals did not reveal a predominance of either wildtype or nrf1 Ϫ/Ϫ ES cells in the various organs examined. In several examples, an equal ratio of wild-type to ES-specific bands was observed in various chimeric mice, and ES cell contribution was nearly 100% in several other tissue compartments ( Fig. 1a ). This demonstrates that Nrf1 function is not required for formation of these organs. In contrast, a comparison of the ratios of ES-derived GPI isoenzymes/blastocystderived GPI isoenzymes in all chimeric animals revealed selection against a contribution of nrf1 Ϫ/Ϫ cells to the liver compartment. In liver samples, the GPI-A isoform was present in trace amounts in all animals ( Fig. 1a ). GPI analysis of chimeric animals generated using parental nrf1 ϩ/Ϫ ES cell clones that had been subjected to a similar selection procedure in culture did not eliminate ES cell contribution to the liver (Fig. 1b) . Therefore, the lack of ES cell contribution to the liver is specific to the loss of Nrf1 function. These data demonstrate that Nrf1 function is not necessary for development of most organs except the liver.
Nrf1 function is not required for early fetal liver development. The cell types affected could not be discerned from GPI studies, as the liver is made up of multiple cell types including hepatocytes, endothelial cells, biliary epithelial cells, Kupffer cells, and hematopoietic cells during fetal development. To determine the requirement for Nrf1 at the cellular level, we examined chimeric animals derived from ES cells bearing a "knock-in" mutant allele of nrf1. The targeting vector used to disrupt the nrf1 gene is shown in Fig. 2 . Successful targeting in ES cells using this vector results in replacement of the part of (45), allowing cells expressing Nrf1 to be identified readily by expression of the linked ␤Geo gene. Therefore, in addition to knocking out nrf1 gene function, we also tagged it for expression studies. This allele is referred to herein as the nrf1 lacZ allele (Fig. 2) . JM-1 ES cells were transfected as described previously. Southern blotting identified clones containing the nrf1 lacZ allele. The embryonic lethal phenotype of germ line-derived mice homozygous for the nrf1 lacZ allele was similar to the phenotype of mice with our previous knockout allele (data not shown), thus confirming the predicted null function resulting from the nrf1 lacZ allele. ES cells that are homozygous for the nrf1 lacZ allele were then isolated by selection using high concentrations of G418. Chimeras were generated using heterozygous and homozygous nrf1 lacZ ES cells, and X-Gal staining was used to determine the contributions of ES cells to various tissues. In adult chimeric mice generated from homozygous nrf1 lacZ ES cells, we were not able to detect X-Gal staining in hepatocytes ( Fig.  3a and b) . These results were confirmed in adult chimeras derived from another homozygous knock-in ES clone (data not shown). In contrast, substantial X-Gal staining was detected in the cells lining the gall bladder, as well as cells in sinusoids of adult livers ( Fig. 3c and data not shown). In adult chimeras derived from heterozygous nrf1 lacZ ES cells, lacZ-positive cells were readily detected throughout the liver parenchyma (data not shown). Therefore, the defect appears to be restricted to hepatocytes.
The extent of ES cell contribution to the liver during fetal development was also analyzed by examining E14.5 chimeric embryos derived from homozygous nrf1 lacZ ES cells. The whole embryo and sections stained with X-Gal revealed extensive contribution of null ES cells in several chimeric embryos, including their livers ( Fig. 4c, d , and e). Therefore, Nrf1-deficient ES cells are able to compete efficiently with wild-type cells in forming the fetal liver in chimeric animals. The absence of Nrf1-deficient hepatocytes in adult livers suggests that either they have a growth disadvantage or they do not survive and are replaced by wild-type cells as development proceeds. Another aspect that is noteworthy was that anemia was observed in several of the chimeric embryos that exhibited prominent X-Gal staining in their livers (Fig. 4) . This anemia occurred prior to detection of cell death in the liver parenchyma (see below). In contrast, chimeric embryos that exhibited little or no X-Gal staining in the liver compartment were normal (Fig. 4 , compare panels a, b, f, h, and j to panels c, d, f, g, and i). It appears then that anemia was present when the livers of chimeric embryos were largely derived from mutant ES cells. These findings strengthen our previous conclusion that the anemia observed in mutant fetuses is secondary to failure in the liver microenvironment to sustain hematopoiesis. However, because anemia occurred prior to the onset of significant liver degeneration, a specific defect in supporting erythropoiesis versus a generalized defect cannot be ruled out.
Apoptosis and degeneration of chimeric mouse livers derived from nrf1 ؊/؊ ES cells. The findings described above are consistent with the idea that Nrf1 function is not required for formation of the liver, but its function is crucial at later stages of liver development. Our previous analysis in germ line mutants revealed no apparent differences in development or morphology between wild-type and nrf1 Ϫ/Ϫ fetuses until midgestation. At E14.5 to E15.5, almost all nrf1 Ϫ/Ϫ fetuses that were viable have disproportionately smaller livers, and most mutants do not live beyond this stage of development. In contrast to our findings in germ line mutants, the livers of chimeric fetuses harvested between E13.5 and E16.5 appeared normal. At E17.5 to E18.5, however, the livers of several fetuses looked abnormal; they had patches of pale tissues, and they were very fragile ( Fig. 5a and b) . These abnormal livers were extensively chimeric as determined by X-Gal staining ( Fig. 5c and d) .
Histologic exams showed large areas of cells with pyknotic and fragmented nuclei indicating apoptosis ( Fig. 5e and h) , which was confirmed by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) (Fig. 5f ). Large areas of necrosis were also seen bordering areas of apparently healthy tissues (Fig. 5g ). Necrosis appeared to be confined to hepatocytes, as many nucleated erythrocytes were present (Fig.  5h ). Therefore, erythroid cells appear to be unaffected, which is consistent with our previous analysis that failed to detect abnormalities in cultures of erythroid progenitors from the livers of nrf1 Ϫ/Ϫ embryos (10) . These data provide evidence that Nrf1 is not required for liver formation. Instead, Nrf1 serves an important role in the survival of liver cells during late stages of embryonic development, and the increased rate of apoptosis observed could explain the absence of nrf1 Ϫ/Ϫ hepatocytes in adult chimeric animals. Increased oxidative stress in fetal livers derived from nrf1 ؊/؊ embryos. To determine the molecular basis of increased apoptosis, we examined the expression of Bcl-2 family members. Immunoblot analysis did not reveal significant differences in BclxL, Bclw, and Bax levels in fetal liver samples from E13 and E14 wild-type and nrf1 Ϫ/Ϫ embryos (data not shown). Therefore, increased cell death is not caused by impaired expression of antiapoptotic Bcl-2 proteins or induction of Bax. It has been suggested that oxidative stress induces apoptosis (26, 62) . CNC-bZIP factors, particularly Nrf2, have been implicated in antioxidant defense, and loss of redox balance could cause increased apoptosis in mutant liver cells. Therefore, we were interested in determining whether ROS levels were increased in Nrf1 mutant livers.
We assessed intracellular accumulation of reactive oxygen intermediates using DCF. DCF becomes fluorescent upon oxidation, which allows quantitation of intracellular ROS by flow cytometry. Pooled samples of fetal liver cells from E13.5 embryos were analyzed. The level of fluorescent DCF was twofold higher in nrf1 Ϫ/Ϫ fetal liver samples than in control samples (Fig. 6a ). Fetal liver samples from nrf2 Ϫ/Ϫ mice were also analyzed, and they did not show an elevation of ROS, indicating that the increase in ROS is specific to the nrf1 mutation. As we have previously shown that GSH levels in fibroblasts derived from Nrf1 mutants were reduced, we were interested in determining whether GSH levels were also affected in mutant fetal livers. GSH levels in nrf1 Ϫ/Ϫ livers were slightly lower (by 20%, which was statistically significant [P Ͻ 0.05]) than those in the control livers ( Fig. 6b) . Although Nrf2 has also been shown to regulate glutathione expression (64) , it is interesting that GSH levels in nrf2 Ϫ/Ϫ fetal livers were not altered from the levels in wild-type livers (Fig. 6b) . Therefore, the decrease in GSH levels in fetal liver correlated with a deficiency in Nrf1, but not Nrf2.
To determine the cell type that was affected by oxidative stress, analysis was also performed on fetal liver cells cultured briefly in collagen-coated dishes to remove nonadhering hematopoietic cells and enrich for hepatocytes. The reduction in GSH was slightly greater (40% versus 20%) in primary cultures of fetal hepatocytes than in whole fetal liver samples (Fig. 6 , compare panels c and b). However, GSH levels in hematopoietic cells (as represented by the nonadhering fraction) were not different in control and mutant mice (data not shown). Therefore, GSH levels were primarily affected in hepatocytes. Similarly, the difference in the DCF levels of control and nrf1 Ϫ/Ϫ hepatocytes was also enhanced when blood cells were removed from the analysis (Fig. 6a, experiment 3 ). We also compared GSSG, which is generated as GSH is oxidized during the reduction of peroxides catalyzed by antioxidant enzymes (24) , in fetal livers as a measure of oxidative stress. GSSG levels in mutant livers were 2.5-fold higher than in wild-type liver samples ( Fig. 6d ). Taken together, the accumulation of GSSG and increased fluorescent DCFH levels indicate that oxidative stress is a feature of Nrf1 mutant livers. Impaired antioxidant gene expression in nrf1 ؊/؊ fetal liver. We screened the expression of several antioxidant genes to determine the basis of oxidative stress in Nrf1 mutant liver cells. We chose E13.5 and E14.5 embryos for our analysis to minimize changes that might be related to a degenerating liver at late stages of gestation. RNA was extracted from individual or pooled samples of fetal liver and analyzed by quantitative RT-PCR. Because of the limited sample size, we used a realtime PCR technique to compare the transcript levels in control and mutant liver samples. Consistent with the reduced GSH levels described above, the steady-state levels of transcripts encoding the rate-limiting enzyme, glutamate-cysteine ligase, involved in GSH biosynthesis were significantly reduced in Nrf1 mutant liver samples. The levels of transcripts of Gclc and Gclm were reduced by at least threefold in mutant livers from the levels in wild-type livers (Table 1) , and Nrf1-mediated transactivation of Gclc and Gclm genes has been previously demonstrated in cell culture systems. Therefore, Gclc and Gclm are likely to represent direct targets of Nrf1 in liver cells as well (37, 49) . Transcripts of glutathione peroxidase 1 (Gpx-1) and heme oxygenase 1, as well as MT-1 and MT-2, were also reduced ( Table 1) . Apart from Gpx-1, the regulatory sequences of these genes are known to contain antioxidant c and d) , which showed blue staining in their livers (arrows), have low hematocrits. (g and h) E16.5 nrf1 lacZ/lacZ chimeric littermates whole mount stained with X-Gal. (i and j) Blood smears of E16.5 nrf1 lacZ/lacZ chimeric littermates. (i) Note that the blood of chimera 5 (g), which showed intense blue staining in the liver, contains large number of yolk sac-derived nucleated red cells (arrows) and few nonnucleated red cells of fetal liver origin. (j) Blood of chimera 6 (h), which showed intense X-Gal staining in the embryo (inset) but not the liver, contains both nucleated erythrocytes and nonnucleated red cells. VOL. 23, 2003 Nrf1 FUNCTION IN FETAL LIVER DEVELOPMENT 4679 response elements (ARE). However, transcripts of other genes that also have ARE-containing regulatory sequences, such as ferritin H, ferritin L, and catalase, were expressed equally in wild-type and mutant liver and cell samples (data not shown).
Therefore, it appears that not all ARE-containing antioxidant genes are down regulated. RT-PCR quantitation also did not reveal alteration in the mRNA levels of alpha-fetoprotein, C-reactive protein, ␣1 antitrypsin, and apoprotein A1 (or other antioxidants, such as glutaredoxin, superoxide dismutase 1 and superoxide dismutase 2), indicating that the defect is a specific, rather than global, reduction in expression of genes in nrf1 Ϫ/Ϫ livers. We also examined Gclc, Gclm, and MT-1 expression in hematopoietic progenitors derived from Nrf1 mutant livers. No significant differences in expression in mutant and control livers were seen (Table 1) . Therefore, we infer that the defect is specific to hepatocytes. Together, the combined decrease in antioxidant provides a potential basis for the increased oxidative stress that is observed in mutant livers. Primary nrf1 ؊/؊ fetal hepatocytes are sensitive to tBHPinduced apoptosis. We wished to determine whether hepatocytes deficient in Nrf1 function are sensitive to oxidative stress. To study this, E13 and E14 fetal liver cells enriched for hepatocytes were tested for sensitivity to oxidant treatment in culture. Primary hepatocytes treated with tBHP for 8 h were harvested, stained with trypan blue dye, and counted. No difference in viability was detected between untreated control and mutant samples. However, tBHP treatment caused a significant decrease in the viability of primary nrf1 Ϫ/Ϫ hepatocytes compared to that of control hepatocytes (Fig. 7a) . The proportion of viable cells was 83% in control samples compared to 51% in nrf1 Ϫ/Ϫ samples. In nrf1 Ϫ/Ϫ hepatocyte cultures, numerous cells showed morphological features consistent with apoptosis, including condensed and fragmented nuclei (Fig. 7,  compare panels b and c) . These results indicate that Nrf1deficient hepatocytes are sensitized to oxidative stress-induced apoptosis.
Loss of Nrf1 sensitizes cells to TNF-␣-induced cell death. To begin to determine the mechanistic basis of what might be inducing hepatic cell death in nrf1 Ϫ/Ϫ chimeric mice during development, we examined whether Nrf1-deficient cells are sensitized to TNF-induced apoptosis. TNF is a cytokine with a wide variety of functions in many cell types. It mediates acutephase response in the liver and can initiate cell proliferation and cause cell death. Hepatocytes are normally resistant to the lethal effects of TNF, but exposure to toxins or GSH depletion and oxidative stress have been shown to sensitize hepatocytes to TNF-induced apoptosis (34) . TNF treatment of nrf1 Ϫ/Ϫ fibroblasts resulted in a dose-dependent decrease in cell viability as determined by trypan blue dye exclusion (Fig. 8a) . Pretreatment of cells with cycloheximide further sensitized nrf1 Ϫ/Ϫ cells to the cytotoxic effect of TNF (Fig. 8b) . A 50% decrease in viability was observed at a TNF concentration of 2 ng/ml, which had no effect on wild-type cells. The decrease in viability was associated with increased caspase 3 activity, suggesting an apoptotic mechanism (Fig. 8c ). To determine whether oxidative stress was involved in the sensitization to TNF-induced toxicity, nrf1 Ϫ/Ϫ fibroblasts were treated with NAC as an antioxidant prior to TNF induction. Pretreatment with NAC rescued nrf1 Ϫ/Ϫ cells from TNF-induced toxicity, suggesting that sensitization in mutant cells is linked to oxidative stress (Fig. 8b) . Together, the data indicate that cells deficient in Nrf1 are sensitized to TNF-induced apoptosis and suggest that Nrf1 is required to protect liver cells from TNF toxicity during development.
DISCUSSION
We previously found that loss of Nrf1 function in mice leads to anemia and they die progressively from E13.5. While the analysis of germ line nrf1 Ϫ/Ϫ embryos suggested an abnormal fetal liver environment as a cause of anemia, the cell types primarily affected by loss of Nrf1 function during development have not been established. Here, we analyzed chimeric mice to examine the requirements of Nrf1 in different cell lineages during development. The results demonstrate that Nrf1-deficient cells participate in the normal development of almost all the tissues examined in chimeric mice. This implies that the loss of Nrf1 function in these compartments imposes no significant consequences to cell differentiation and function. Alternatively, it is possible that the presence of surrounding healthy cells is sufficient to rescue defects in mutant cells or that the loss of Nrf1 function is compensated for by other transcription factors such as Nrf2. ES cells deficient in Nrf1 colonized the livers of chimeric fetuses efficiently. Therefore, Nrf1 is not needed for liver formation during early development. However, we found that nrf1 homozygous mutant ES cells do not contribute to adult livers. While we previously found that the livers in nrf1 Ϫ/Ϫ embryos were hypoplastic, we did not see this feature in fetuses with highly chimeric livers in this study. We also did not see this feature in chimeric fetuses that were anemic, arguing against a decrease in hematopoiesis as a basis for small livers that are typical of germ line mutants. Instead, our findings indicate that liver cells do not survive beyond the later stages of development in the absence of Nrf1 function. The apoptosis observed in chimeric livers, which increased progressively in older fetuses, suggests that Nrf1 plays a crucial role in the maintenance of liver cells and/or liver development. Therefore, nrf1 Ϫ/Ϫ hepatocytes are lost continuously as the liver develops.
The precise role of Nrf1 in promoting survival of liver cells is not known. Members of the CNC-bZIP transcription factor family have been linked to antioxidant gene expression. In VOL. 23, 2003 Nrf1 FUNCTION IN FETAL LIVER DEVELOPMENT 4681 particular, Nrf2 has been shown to play a major role in this function by regulating a battery of genes encoding antioxidant enzymes, as well as xenobiotic-metabolizing enzymes. Although Nrf1 has also been implicated in antioxidant defense, its role in this function during development and its contribution (compared to that of Nrf2's contribution) are not clear. One possible explanation for the increased cell death observed in the livers of chimeric mice is that cell death is caused by the disruption of redox balance resulting from impaired antioxidant gene expression. Primary mutant hepatocytes were more sensitive to oxidant-induced cell death, and the results showed that GSH levels are reduced in mutant fetal liver cells that correlated with decreased expression of transcript levels encoding Gclc and Gclm. Both Gclc and Gclm are expressed abundantly in the liver during development (13) , and Nrf1 and Nrf2 have both been shown to directly regulate the promoter function of these genes in vitro (37, 49, 64) . GSH is important for establishing and maintaining the reducing environment in cells, and it is crucial for normal liver development (4, 54, 59) . In addition, GSH may also regulate apoptosis independent of its role as an antioxidant (18, 19) . Pharmacologic inhibition of GSH synthesis leads to growth retardation and malformation of rat embryos, and mice deficient in GSH exhibit increased apoptosis and die at E7.5 (28, 42, 61) . Our results also showed that expression of several important cellular stress response genes was reduced in Nrf1 mutant livers than in wild-type livers. The expression of heme oxygenase 1, as well as MT1 and MT2, is modulated primarily at the transcriptional level by a variety of external stimuli. Consistent with a potential role of Nrf1 in their expression, ARE are present in their regulatory sequences (1, 2) . Expression of Gpx-1, a selenium-dependent enzyme that catalyzes the breakdown of hydrogen peroxide, was also decreased in mutant livers. Gpx-1 has been shown to play a crucial role in hydrogen peroxide detoxification in the liver (15) . Mice deficient in MTs, Gpx-1, and heme oxygenase 1 are developmentally normal (15, 41, 53) . Therefore, deficiency in these individual genes is not likely to result in the defects observed in Nrf1-deficient livers. We speculate that additional genes involved in oxidative stress response are also down regulated in mutant livers, and our limited search has identified only a subset of these Nrf1 targets. It is likely that the reduction of these antioxidant enzymes, in combination with the reduction in GSH levels, result in oxidative stress in nrf1 Ϫ/Ϫ livers. Given the rapid rate of hepatocyte growth dur- ing the perinatal period, an excess of ROS generated from increased energy need would not be unexpected. The ability to maintain redox balance is thought to be crucial during liver growth (16) . In this regard, expression of antioxidants is up regulated during the fetal-neonatal transition period suggesting that protection from oxidative stress becomes increasingly important as development proceeds (12, 48, 55) . It is interesting that our results are similar to features of mice with deletions of genes that are in some way related to processing of cellular oxidants. For example, mice deficient in c-Jun also have small livers, and most of these mice die between E12.5 and E15.5 (27) . ES cells deficient in c-Jun do not contribute to adult livers, and chimeric fetuses have increased apoptosis in their livers (14) . Therefore, c-Jun also plays a critical role in the survival of liver cells during development. The similarities in the liver phenotype between Nrf1 and c-Jun mutants suggest that Nrf1 and c-Jun may exert similar functions in the liver during development. Fibroblasts deficient in c-Jun have been reported to have decreased levels of GSH as well, and the regulatory sequences of Gclc and Gclm genes have been shown to contain both ARE and Ap1 binding sites (46, 47, 58) . Unlike c-Jun Ϫ/Ϫ fibroblasts, however, Nrf1-deficient fibroblasts do not exhibit reduced proliferation rates (unpublished data). As nrf1 Ϫ/Ϫ livers did not show altered levels of c-Jun mRNA (data not shown), it is unlikely that Nrf1 works upstream of c-Jun. Moreover, lethality in c-Jun Ϫ/Ϫ animals occurred earlier in gestation. It would be interesting to know whether Nrf1 and c-Jun exert their function as bZIP partners in liver cells. The phenotype of Nrf1-deficient embryos is also similar to that of MTF-1-deficient mice. MTF-1 is a zinc finger protein that regulates transcription of genes in response to heavy metal stress, and MTF-1 deficiency causes liver degeneration and embryonic lethality at E14 (25) . Gclc, MT-1, and MT-2 have been shown to be under MTF-1 control as well, but increased oxidative stress in the livers of MTF-1 knockout mice has not been reported. It is also notable that anemia was not observed in the degenerating livers of MTF-1 knockout mice prior to their death, arguing that abnormal erythropoiesis in nrf1 Ϫ/Ϫ embryos may be due to a specific defect in hepatic parenchymal cells as opposed to a generalized failure of the liver microenvironment. However, a mechanism for this observation remains to be determined.
TNF-␣ has been shown to mediate hepatocyte killing after exposure of cells to toxins, virus, and injury from various insults. Therefore, TNF-␣ has a prominent role in the patho- physiology of liver disorders (34) . A role for TNF-␣-mediated killing of hepatocytes during development has also been demonstrated through the finding that apoptosis and degeneration of livers in mice deficient in the NF-B signaling pathway are rescued by inactivation of the TNF receptor gene (40, 56) . Sensitization is not limited to hepatocytes, as fibroblasts derived from mice lacking the RelA component of NF-B are sensitive to TNF-␣ killing as well (5) . Our results show that cells deficient in Nrf1 function are also sensitized to TNF-␣induced apoptosis. We propose that cell death observed in the livers of Nrf1 chimeric animals is related to the effects of TNF during liver development. The mechanism of TNF toxicity is complex and may include alterations in the cellular redox potential (22, 39, 57) . In liver regeneration models, the period of rapid growth after a partial hepatectomy is associated with increased production of oxidants that are linked to TNF-␣ (38) . The availability of GSH and other antioxidants has been shown to influence whether TNF-␣ induces growth or apoptosis in hepatocytes (52) . ROS production induced by TNF presumably occurs in the mitochondria and is scavenged by GSH (23) . Therefore, in this scenario, the absence of Nrf1 does not directly lead to liver cell death, but its deficiency leads to sensitivity to TNF-mediated apoptotic signals. Generating mice deficient in both Nrf1 and TNF receptor is one way this possibility could be tested. Apoptosis is a highly regulated process, and this form of cell death serves a critical function during development. Many important genes in this pathway have been identified. The possibility that the increased cell death also occurs as a result of induction of a pathway independent of oxidative stress cannot be excluded. For example, Nrf1 may have an antiapoptotic role in mature hepatocytes by controlling the transcription of specific survival genes. Such a role for NF-B is supported by the fact that mice with disrupted RelA and IKK2 genes have hypoplastic livers that are characterized by elevated apoptosis and by the fact that antiapoptotic genes including TRAF and IAP are regulated by NF-B (6, 40, 63) . Although our preliminary results do not indicate altered levels of genes (such as BclxL and IAP genes) in nrf1 Ϫ/Ϫ fetal livers (data not shown), a potential role for Nrf1 in other antiapoptotic genes will need further exploration. Alternatively, Nrf1 may negatively regulate proapoptotic genes. Nrf1 is likely to be involved in multiple pathways in the cell, and other abnormalities beside the liver defect may also contribute to the lethal phenotype. Irrespective of the actual explanation for the observed lethality in germ line Nrf1 knockout mice, the observations here indicate that Nrf1 is essential for the survival of liver cells. Understanding the precise role of Nrf1 in determining death versus survival of hepatocytes beyond development would be of interest, as apoptosis is an important component in the pathogenesis of liver diseases. This result also raises an interesting question as to why the defect is limited to hepatocytes, given that Nrf1 is widely expressed. The results of our study suggest that Nrf1 plays an important role in maintaining redox balance in liver cells. The finding that defective GSH expression correlated with loss of Nrf1, but not Nrf2, suggests that Nrf1 may be more important than Nrf2 in protecting fetal liver cells from oxidative stress. Therefore, another important aspect that warrants further investigation is to delineate the mechanistic basis of the apparently separate roles of Nrf1 and Nrf2 in mediating tran- scription of antioxidant genes in liver cells. As oxidative stress is thought to play an important role in promoting cell death in response to various stimuli, these findings draw attention to the importance of the Nrf1-antioxidant pathway in various pathological conditions.
